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Using the funds provided by Clyde's trust, we have given his preliminary map a thorough and critical review. We field-checked many key sites, including some not visited by Clyde, and measured additional ice-flow indicators. We also incorporated many new techniques, such as lidar (light detection and ranging)-based mapping of glacial features and terrestrial cosmogenic-nuclide-exposure dating of moraine boulders and erratics, techniques that were not available to Clyde but which he no doubt would have enthusiastically embraced. Yet, for all of the additional work and newly available techniques, the final map published here is not substantially different from Clyde's initial draft. With the application of each new technique or the discovery of each new piece of evidence, we were reminded of how well Clyde understood the glacial processes that shaped Yosemite and how intimately connected he was with these landscapes. Although we have contributed in various ways, fundamentally this map is the result of decades of devoted work by Clyde Wahrhaftig. We feel privileged to have engaged in this collaboration, even posthumously, and we hope that you enjoy learning from Clyde as much as we have.
Evening light on glacially sculpted peaks south of Tuolumne Meadows. During the Last Glacial Maximum (Tioga) glaciation, these sharp peaks projected above the great Tuolumne icefield. Photograph by Ryan Alonzo (used with permission). 
Introduction
Yosemite National Park, located in the central Sierra Nevada in California, is an icon of the U.S. National Park system, famous for its many spectacular geologic features. These features include the towering cliffs and hanging waterfalls of Yosemite Valley, and the rounded granite domes, deep blue lakes, and jagged peaks and spires of the high country. More subtle but just as spectacular are the vast areas of polished granite, linear scratches, and isolated boulders scattered across the landscape. All of these features owe their origin, at least in part, to glaciers.
Glaciers originating at the crest of the Sierra Nevada flowed down preexisting river canyons numerous times throughout the Quaternary Period (the past 2.6 million years) (Matthes, 1929; Blackwelder, 1931) . Although the field evidence for past glaciations is necessarily incomplete (Gibbons and others, 1984) , at least seven distinct glacial periods have been identified in the Sierra Nevada, spanning a minimum of 1.5 million years (table 1; see also , Blackwelder, 1931; Sharp and Birman, 1963; Birman, 1964; Fullerton, 1986; Gillespie and Clark, 2011) .
The map shows the extent of alpine icefields and associated valley glaciers in Yosemite National Park and vicinity during the most recent large glaciation, known as the Last Glacial Maximum. The Last Glacial Maximum is a globally recognized cold period characterized by low sea levels and the growth of ice sheets and mountain glaciers (Clark and others, 2009 ). In the Sierra Nevada, the Last Glacial Maximum glaciation is referred to as the Tioga glaciation (Blackwelder, 1931) . At least four glaciations that occurred prior to the Tioga glaciation (table 1) were larger in extent (Blackwelder, 1931; Sharp and Birman, 1963; Birman, 1964; Fullerton, 1986; Gillespie and Clark, 2011) . However, by virtue of being the most recent of the large Pleistocene glaciations, the evidence for the Tioga glaciation is abundant and relatively well preserved in the Yosemite landscape. The Tioga glaciation likely involved at least two, and perhaps as many as four, major glacial advances spanning 1 U.S. Geological Survey.
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3 National Park Service, Yosemite National Park. * Deceased the interval from approximately 27,000 to 15,000 years ago; the largest of these, representing the maximum ice extent shown on the map, occurred from approximately 21,000 to 18,000 years ago (see, for example, Benson and others, 1998; Bischoff and Cummins, 2001; Phillips and others, 2009; Rood and others, 2011; Phillips, 2016 Phillips, , 2017 . Although it is possible that the various Tioga-age glaciers in the study area attained their maximum extents at slightly different times during the Last Glacial Maximum, for the purposes of this map we assume that they reached their maximum extents simultaneously. The maximum ice extent shown here may have occupied certain areas only briefly.
During the maximum extent of the Tioga glaciation, glaciers and ice fields covered most areas in and around Yosemite National Park above 2,700 meters (m) elevation. Glaciers in the map area occupied six major drainage basins: the Tuolumne, Merced, and San Joaquin River basins on the western slope of the Sierra Nevada, and, on the eastern slope, basins of the Walker and Owens Rivers and Mono Lake. Glaciers draining westward from the Sierra crest were approximately seven times longer than those draining eastward, owing to the strong topographic asymmetry of the mountain range and the resulting strong rainshadow effect (Kessler and others, 2006) . In some places, the Tioga-age ice divide was as much as 2.5 kilometers (km) west of the present drainage divide along the Sierra crest, allowing ice from the interior of the range to flow up and over the crest into eastwarddraining canyons. As a result, many of the passes along the crest of the Sierra Nevada are remarkably wide and gentle; a notable example is Peeler Lake, a large lake situated on the crest that has two outlets, one draining to the Great Basin on the east and the other to the Pacific Ocean on the west.
On the western slope of the Sierra Nevada, Tioga-age glaciers extended tens of kilometers down the major river canyons. The largest of these was the Tuolumne glacier, which flowed for a distance of nearly 80 km from its source at Mount Lyell, down the Grand Canyon of the Tuolumne River and through Hetch Hetchy Valley, to a terminus at approximately 640 m elevation. The maximum ice thickness in the region was in the Grand Canyon of the Tuolumne River near Harden Lake, where the glacier was nearly 1,200 m thick. Smaller valley glaciers flowed down the canyon of the Merced River to a terminus at approximately 1,190 m elevation, near Bridalveil Meadow in Yosemite Valley, as well as down the South Fork Merced River to a terminus at Wood (1977) ; Stine (1994) Recess Peak 14-12.5 Clark and Gillespie (1997) ; Clark and others (2003) ; Phillips and others (2009); Phillips (2016 Phillips ( , 2017 Tioga (Last Glacial Maximum) 27-15 others (1996, 2009 ); James and others (2002); Rood and others (2011); Phillips (2016 Phillips ( , 2017 Tahoe 145-130 Rood and others (2011); Phillips (2016 Phillips ( , 2017 ; Hildreth and Fierstein (2016) Mono Basin 160-60 Sharp and Birman (1963) ; Phillips and others (1990) Sherwin 900-790 Sharp (1968) ; Birkeland and others (1980) ; Nishiizumi and others (1989) McGee~2,600-1,500 Dalrymple (1963 Dalrymple ( , 1964 ; Huber (1981) approximately 1,250 m elevation near Wawona. Valley glaciers extended down the canyons of the various forks of the San Joaquin River, coalescing in the vicinity of Balloon Dome and terminating at an elevation of approximately 1,100 m. Some of the ice filling the basin of the Lyell Fork (of the Tuolumne River) spilled over low passes in the Cathedral Range to augment ice in the upper Merced River drainage. Glacier ice also flowed over a pass southwest of Tuolumne Meadows and down Tenaya Canyon to join the Merced glacier in eastern Yosemite Valley. In most cases the major ice streams converged in the downslope direction, such as in the Grand Canyon of the Tuolumne River, but, at some locations, ice streams diverged around peaks or over passes, such as east of Mount Lyell near Thousand Island Lake, and at Reversed Peak near June Lake.
On the eastern slope of the Sierra, glaciers cascaded down smaller canyons cut into the steep eastern escarpment. Glaciers on the eastern slope terminated at higher elevations than their western counterparts because of their smaller drainage basin areas and a more arid environment east of the Sierra crest. Glacier terminus positions in the Mono Basin (southeast of Mono Lake, just east of the map area) are found above an elevation of approximately 2,150 m, short of the Tioga-age shoreline of Glacial Lake Russell (Putnam, 1949) , the larger, Pleistoceneage version of Mono Lake, which had a shoreline elevation of approximately 2,030 m during the inferred maximum extent of the Tioga glaciation about 20,500 years ago (Ali, 2018) .
During the Tioga glaciation, a great ice field occupied the area in and around Tuolumne Meadows, with ice thicknesses exceeding 500 m. Only steep-sided and sharp-crested peaks and ridges, and a few wind-swept plateaus near the Sierra crest, projected above the ice. Peaks and ridges surrounded on all sides by ice are termed nunataks (an Eskimo term meaning "lonely peak"). Small nunataks in Yosemite National Park included Mount Conness, Cathedral Peak, Matthes Crest ( fig. 1 ), and Snow Peak; larger nunataks included Clouds Rest and Rancheria Mountain north of Hetch Hetchy Valley. Nunataks act as refuge for species seeking to escape the advancing ice, and many former nunataks, like the plateau northeast of Mount Dana, now harbor rare or endemic plant species (see, for example, Rundel, 2011) .
In addition to the major ice fields and valley glaciers in the Tuolumne and Merced River drainage basins, smaller, isolated glaciers existed on prominent peaks and ridges far to the west of the Sierra crest. These areas include the ridges south of Siesta Lake, small basins northwest of Buena Vista Peak, the slopes surrounding Mount Raymond, and the ridges north and east of Little Shuteye Peak. East of the Sierra crest, particularly in and around Lee Vining Canyon, a few small cirque glaciers were dominantly or entirely debris covered (see, for example, Clark and others, 1994) . Debris likely accumulated on these glaciers because of abundant rockfalls (perhaps earthquake triggered) from fractured cirque headwalls, coupled with relatively slow rates of ice movement.
As the glaciers moved downslope through a combination of ice deformation and basal slip, they plucked and scoured the bedrock, leaving behind distinctive features such as tarns, streamlined bedforms, glacial polish, and striations. The vast quantities of eroded rock debris were transported to the lower ice margins, forming large lateral and terminal moraines; moraines are especially well preserved in the valleys and basins east of the Sierra crest.
As the climate warmed at the end of the Last Glacial Maximum, the Yosemite landscape deglaciated rapidly, with ice receding back to the highest cirques by approximately 15,000 years ago (Clark, 1976; Smith and Anderson, 1992; Guyton, 1998; James and others, 2002; Phillips and others, 2009; Phillips, 2016) . The retreating ice left behind nested recessional moraines and large swaths of glacially polished bedrock dotted with erratic boulders (fig. 2 ). The Sierra Nevada was essentially deglaciated by 15,000 to 14,000 years ago (Clark and Gillespie, 1997) , except for a brief readvance, termed the Recess Peak glaciation, which occurred at about 12,700 years ago (table 1; see also, Clark and Gillespie, 1997; Phillips, 2016) . Glaciers associated with the Recess Peak advance extended only a few kilometers beyond the highest cirques. Several small glaciers presently occupy north-and northeast-facing cirques in the Sierra Nevada (Guyton, 1998; Raub and others, 2006) ; in the map area, these include glaciers on the slopes of Mount Conness, Mount Dana, Mount Lyell, and Mount Maclure. These glaciers formed during or shortly before the Little Ice Age (Basagic and Fountain, 2011; Bowerman and Clark, 2011) , a short cold period beginning about 600 years ago and ending about 150 years ago (Grove, 1988) . In the Sierra Nevada, this glaciation is termed the Matthes advance (table 1; see also, Clark and Gillespie, 1997) .
Tarns, which are lakes occupying bedrock depressions scoured out by glaciers ( fig. 3 ), are prevalent in the Sierra Nevada and are a good indicator of the extent of Tioga-age ice (Moore and Moring, 2013) . Tenaya Lake near Tuolumne Meadows is a prominent example. Other lakes within the Tiogaage ice extent are dammed by terminal or recessional moraines. Within the Yosemite map area, 87 percent of the 4,940 perennial lakes are located within the mapped extent of Tioga-age ice. Many of the 13 percent of lakes located outside of the Tiogaage ice extent are still related to that glaciation; for example, although Lukens Lake is located just outside of the Tioga-age ice extent, it is impounded by lateral moraines formed at that time.
In contrast to most lakes being situated within the Tiogaage ice extent, groves of Giant Sequoia (Sequoiadendron giganteum) on the western slope of the Sierra Nevada are located only outside of the Tioga-age ice extent (Moore and Mack, 2008) . This is likely because glaciers scoured most of the soil from areas within the ice extent, leaving behind large expanses of bare granite or bouldery till deposits that are not amenable to Giant Sequoia growth (Muir, 1894) .
Glaciation had a profound impact on the Yosemite landscape. In addition to sculpting most of the granite monoliths for which the park is famous, glaciation also dictated the distribution of many geological, hydrological, and ecological features. Thus, the lasting effects of Tioga glaciation are still readily observable in Yosemite National Park today.
Previous Work
The Yosemite region has been at the forefront of North American glacier research for more than 150 years (Guyton, 1998) . Josiah D. Whitney, William H. Brewer, and Charles F. Hoffmann, of the newly created Geological Survey of California, were the first to document evidence of glaciation in the Sierra Nevada in the summer of 1863 as they were visiting the Tuolumne Meadows region: 
"[T]he whole region about the head of the Upper
Tuolumne is one of the finest in the State for studying the traces of the ancient glacier system of the Sierra Nevada *** all of the phenomena of the moraineslateral, medial, and terminal -are here displayed on the grandest scale" (Whitney, 1865, p. 428 ).
The following year, Whitney formed a survey party to explore the Sierra Nevada. The party included a young geologist named Clarence King, who would later go on to be the first director of the U.S. Geological Survey (USGS). King, an avid explorer and mountaineer, periodically struck out on his own, noting the various evidence for past glaciers in the landscape:
"It was a two days' ramble all over the granite ridges, from the North Dome up to Lake Tenaya, during which I gathered ample evidence that a broad sheet of glacier, partly derived from Mount Hoffmann and in part from the Mount Watkins Ridge and Cathedral Peak, but mainly from the great Tuolumne glacier, gathered and flowed down into Yosemite Valley" (King, 1935) .
Based on evidence in and around Yosemite Valley, King was the first to recognize that "a glacier no less than a thousand feet deep had flowed through the valley, occupying its entire bottom" (King, 1935) .
The well-known naturalist John Muir first visited Yosemite in 1868, and the following year he spent the entire summer in Yosemite's high country, tracing the former passage of glaciers. By virtue of his extended studies, Muir developed a strong sense of the magnitude of glacial extent in Yosemite:
"Already it is clear that all of the upper basins were filled with ice so deep and universal that but few of the highest crests and ridges were sufficiently great to separate it into individual glaciers, many of the highest mountains having been flowed over and rounded like the boulders in a river" (Muir, 1871) .
Muir continued over many years to write enthusiastically about the evidence for glacier occupation and the profound role that glaciers played in sculpting Yosemite's landscapes (see, for example, Muir, 1880) . Joseph LeConte, of the recently established University of California, first met Muir in Yosemite in 1870, and the two spent time together in the Yosemite high country, observing glacial features. LeConte generally agreed with Muir's views, but he offered a somewhat more tempered perspective on the magnitude and extent of glacial erosion in the Sierra Nevada (LeConte, 1873). Shortly thereafter, USGS geologist Israel Russell investigated the paths that glaciers took from the crest of the Sierra Nevada eastward into Mono Basin, noting in the well-preserved moraines evidence for at least two distinct glaciations (Russell, 1889) .
The first detailed map showing the ice extent in and around Yosemite Valley during the Tioga glaciation was published by USGS geologist François Matthes in his definitive "Geologic History of the Yosemite Valley" . Matthes recognized evidence for three glacial periods, and he referred to the most recent one as the "Wisconsin" ("Wisconsin" is a general term for the most recent glacial period on the North American continent; in the Sierra Nevada, the Tahoe glaciation is correlated to the "early Wisconsin," and the Tioga glaciation is correlated with the "late Wisconsin"; Sharp and Birman, 1963) . A topographer by training, Matthes took a map-based approach to his study of Yosemite's glaciers, identifying and correlating moraines across valleys, mapping trimlines on the peaks and ridges, and recording other glacial marginal features. Matthes later used similar techniques to map the "Wisconsin" ice extent in the upper San Joaquin River drainage basin along the south boundary of Yosemite National Park (Matthes, 1960) and farther south in Sequoia National Park (Matthes, 1965) .
As Matthes conducted his mapping on the western slope of the Sierra Nevada, Stanford University geologist Elliot Blackwelder studied the better preserved glacial evidence east of the Sierra crest. He established the names and basic stratigraphic framework for four past glaciations, including the Tioga glaciation (table 1; see also , Blackwelder, 1931) . Blackwelder (1931) described the primary features left behind by the Tioga glaciation:
"The glacial features that were made by the ice tongues of the Tioga epoch are even now almost as fresh and unaltered as at the time of their formation *** Acres of polished and grooved rock are a familiar sight *** The lateral moraines generally stand out as bold embankments *** The terminal moraines are still complete, except for V-shaped notches through which the main streams tumble down to the plains beyond" (Blackwelder, 1931, p. 882 ).
Matthes and Blackwelder attempted to reconcile their sequences of multiple glaciations across the Sierra crest, but they were challenged by the lack of numerical age control, a challenge that continues to this day (Gillespie and Zehfuss, 2004) .
Many researchers have subsequently investigated various aspects of glaciation in the map area. In creating this map, we integrated previously published information on glacial extent from 15-minute geologic quadrangle maps (Rinehart and others, 1964; Huber and Rinehart, 1965; Kistler, 1966 Kistler, , 1973 Huber, 1968 Huber, , 1983 Bateman and others, 1971, 1983; Peck, 1980 Peck, , 2002 Dodge and Calk, 1987; Bateman, 1989; Wahrhaftig, 2000) , regional geologic maps (Bailey, 1989; Huber and others, 1989; Hildreth and Fierstein, 2016) , and other publications that address Tioga-age ice extent and glacier flow directions in Yosemite National Park and vicinity (Matthes, , 1960 Putnam, 1950; Birman, 1964; Clark, 1967 Clark, , 1968 Curry, 1971; Sharp, 1972; Balogh, 1976 Balogh, , 1987 Gillespie, 1982; others, 1990, 1996; Bursik and Gillespie, 1993; Clark and others, 2003; Gillespie and Clark, 2011; Rood and others, 2011) . In general, we adopted this earlier work without major revisions, but there were some exceptions: for example, in the San Joaquin River drainage, we used Matthes' (1960) mapping of the "Wisconsin" ice extent and Birman's (1964) mapping of the Tahoe-age ice extent, but we inferred that they both represent the extent of Tioga-age ice, an interpretation supported by recent cosmogenic beryllium-10 ( 10 Be)-exposure dating of moraine boulders in the area (Becker and others, 2017) .
Maps showing the general extent of Tioga-age ice in Yosemite were included in several Sierra Nevada-wide compilations, although these maps were necessarily of low resolution (see, for example, Wahrhaftig and Birman, 1965; Bateman and Wahrhaftig, 1966; Clark and others, 2003) . The first comprehensive map of the Tioga-age ice extent throughout Yosemite was a hand-drawn map, coauthored by Clyde Wahrhaftig, showing an oblique view from the west (Alpha and others, 1987) . The map presented here builds directly on that work, showing the Tioga-age ice extent in plan view, correcting errors in the ice extent and flow directions, and reporting the methods, data, and interpretations upon which the map is based.
Methods
As with the many earlier studies of glaciers in Yosemite, the development of this map was based primarily on mapping the evidence of glacier occupation on the landscape during the Tioga glaciation. This involved investigations on three main fronts:
1. Determining the spatial extent of glacier ice during the Tioga glaciation, 2. Understanding the spatial patterns of ice flow, and 3. Determining ice-surface elevations.
This combined information allowed for reconstruction of the full extent of Tioga-age ice, glacier flow patterns, icesurface topography, and thicknesses of the various glaciers and ice fields.
Determining the Tioga-Age Ice Extent
We mapped the spatial extent of Tioga-age glaciers by identifying glacial moraines, trimlines, and other features indicative of glacier margins (see, for example, Andrews, 1982) . We mapped these features in the field, as well as with various remote-sensing methods, primarily using aerial photographs but also lidar-based digital elevation models (DEMs) and shaded-relief maps. In locations where the relative ages of moraines were unclear (for example, uncertainty as to whether a mapped moraine was Tioga in age, or was instead from an earlier, larger glaciation), we dated these features using cosmogenic 10 Be-exposure dating.
Field Mapping
In the lower elevations of the map area, we identified the Tioga-age ice extent by mapping the position of features created by sediment deposition along the ice margins, primarily lateral and terminal moraines associated with valley glaciers. Lateral moraines are typically well preserved throughout the map area ( fig. 4 ). Terminal moraines are well defined in the basins east of the range crest but are generally poorly defined on the western slope. This difference is most likely related to the greater stability of glacier terminus positions east of the crest, compared to unstable terminus positions west of the crest (Phillips, 2017) . The difference in moraine size may also be related to aspects of moraine preservation. For example, glaciers on the western slope usually terminated within steep-walled canyons, which are highly erosive environments, whereas glaciers on the eastern slope commonly terminated in open basins more conducive to moraine preservation. The western slope also generally has a wetter and, thus, more erosive climate than the eastern slope, owing to the substantial rainshadow east of the Sierra crest. It is also possible that moraines along the east side of the range crest were larger to begin with, owing to the greater degree of bedrock fracturing along the eastern slope and, hence, a greater ability for glaciers to erode by plucking fractured rock, as well as a greater abundance of rockfalls onto glaciers from peaks, cirques, and canyon walls (Glazner and Stock, 2010) .
We assessed the relative age of moraines in the field on the basis of morphology preservation and degree of weathering. Compared to older moraines, which lie outboard of Tioga-age moraines, Tioga-age moraines exhibit sharper crests, a higher boulder density, and fresher (as opposed to more weathered) boulders (Blackwelder, 1931; Birman, 1964; Burke and Birkeland, 1979) . Hummocky topography and small closed depressions are also more common within areas bounded by Tioga-age moraine deposits.
We further identified ice margins by the change from commonly bare, ice-scoured bedrock surfaces in glaciated areas to commonly soil-mantled and forested surfaces in nonglaciated areas ( fig. 5 ). Jointing, bedding, and other bedrock structures are usually sharply etched on glaciated surfaces, whereas deep weathering and soil development commonly obscure them on nonglaciated surfaces (see, for example, Benn and Evans, 2013) .
At higher elevations in the map area where glaciers are primarily erosional in nature and deposition of moraines is limited, we used erosional features to identify the upper ice margins. At the uppermost elevations, ice margins are commonly characterized by abrupt changes from downslope-directed couloirs and sharp craggy spurs above the ice surface to smooth, downvalley-directed, streamlined topography below the ice surface ( fig. 6 ). Trimlines are sharp boundaries in a landscape, typically in the form of prominent breaks in slope, that mark the former ice position (see, for example, Benn and Evans, 2013) . Areas above trimlines are typically weathered and covered in soil, whereas areas below trimlines are typically bare, fresh bedrock exhibiting signs of glacial erosion such as striations or polish. Trimlines are also marked in some settings by the abrupt termination of avalanche chutes ( fig. 6 ) where ice and snow previously moved out onto the glacier surface (Matthes, 1965) . In areas lacking clear trimlines or other topographic indicators, we used other glacier erosional features, such as tarns, striations, flutes, polish, and erratics, as general indicators of the presence of Tioga-age ice.
We interpreted isolated sharp-crested ridges and craggy, pointed peaks within the glaciated area as nunataks that were not overridden by ice. Rounded summits generally indicate that those summits were overridden by ice, with one major caveat: the domes surrounding Yosemite Valley and the Illilouette Creek basin (for example, North Dome, Half Dome, and Mount Starr King) were most likely never overtopped by ice; their rounded shape is because of exfoliation along sheeting joints (Huber, 1987; Glazner and Stock, 2010) .
Remote-Sensing Mapping
Remote-sensing methods can be especially effective for mapping glacial geomorphology, as they can reveal features that are difficult to discern in the field (Hubbard and Glasser, 2005) .
The initial mapping of ice extents, conducted in the 1980s, used aerial photographs as the primary remote-sensing data source (Allum, 1966) . Subsequent to these initial efforts, the advent of DEMs, which digitally render topography in three dimensions, has significantly improved the resolution and accuracy of remotesensing mapping. In particular, the advent of lidar-based topographic mapping has allowed for high-resolution (<1 m) topographic mapping. For mapping, lidar data are also advantageous because they can be filtered to remove vegetation, yielding "bare earth" models unlike those derived from conventional imagery such as aerial photographs. Differences in surface texture between glacially scoured bedrock and soil-mantled hillslopes are clearly resolved in these bare earth images. Additionally, many glacial landforms such as lateral and terminal moraines ( fig. 7 ) are resolved in filtered lidar data in ways that are not possible using other remote-sensing methods (Smith and others, 2006) .
We digitized the initial ice extents, overlaid them on lidarbased DEMs in ArcGIS, and viewed them in three dimensions, adjusting the ice margins so that they matched more precisely the glacier marginal features visible in the DEMs. We also used digital imagery derived from planes and satellites, most notably from the U.S. Department of Agriculture's National Agricultural Imagery Program, the USGS's Landsat program, and the European Space Agency's Copernicus program.
The ice extents were projected onto a 10-m-resolution DEM. Note that this DEM represents the modern topography and, therefore, shows some landforms, such as parts of the Mono Craters, that were not present during the Tioga glaciation. 
Cosmogenic-Nuclide-Exposure Dating of Glacial Deposits
With the basic ice extent established, we evaluated marginal positions and ice thicknesses in certain areas by dating moraine boulders and erratics with cosmogenic-nuclide-exposure dating. Cosmogenic-nuclide-exposure dating of rock surfaces is based on the principle that cosmic-ray bombardment produces distinct nuclides that accumulate in rocks exposed near (that is, within ~1 m of) the Earth's surface at known rates . This dating technique is often applied to moraine boulders or glacial erratics (see, for example, Fabel and Harbor, 1999; Ivy-Ochs and others, 2007; Balco, 2011) . The resulting ages indicate how long boulders have been exposed to cosmic rays and, by inference, how long ago those boulders were deposited by glaciers. Cosmogenic-nuclide-exposure dating has been used to date some Tioga-age moraines in the map area others, 1990, 1996; Rood and others, 2011) and elsewhere in the Sierra Nevada (James and others, 2002; Phillips and others, 2009; Pierce and others, 2017) , generally yielding ages of more than 20,000 to about 17,000 years for the maximum ice extent (Phillips, 2016) .
We employed cosmogenic-nuclide-exposure dating (specifically, using the nuclide 10 Be) in several ways to help determine the Tioga-age glacier extent. In some settings within the map area where adjacent parallel moraines exhibit similar weathering characteristics, it was difficult to distinguish between pre-Tioga-age moraines, Tioga-age maximum moraines, and Tioga-age recessional moraines. In these settings, we employed reconnaissance-level exposure dating of moraine boulders to help differentiate between moraines. We also used 10 Be-exposure dating to determine the age of erratics perched on domes and ridges, thereby ascertaining whether glacial ice had overtopped them during the Tioga glaciation. As these erratics would have been deposited during deglaciation, after the ice had reached its maximum extent and was in the process of retreating, they would record the time that dome surfaces became free of ice, rather than the timing of the maximum Tioga-age extent. In all, we collected 32 rock samples from 13 locations from moraine boulders and erratics in the lower elevation regions of the map area ( fig. 8 ; see also, appendix 1).
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Turtleback Dome
Bridalveil Meadow Cosmogenic 10 Be-exposure ages fall into two broad categories that clearly distinguish Tioga-age moraines from older moraines. Most of the inferred Tioga-age moraine boulders and erratics yield exposure ages of between approximately 23,000 and 16,000 years (table 2; see also, appendix 1), with an average age of approximately 19,000 years. This result is consistent with previous estimates of the timing of the various pulses of the Tioga glaciation in the Sierra Nevada others, 1996, 2009; Bischoff and Cummins, 2001; James and others, 2002; Phillips, 2016 Phillips, , 2017 Pierce and others, 2017) , as well as with the timing of Last Glacial Maximum glaciations elsewhere in the western United States (see, for example, Gosse and others, 1995; Licciardi and Pierce, 2008; Leonard and others, 2017) . However, there are several 10 Be-exposure-age outliers from Tioga-age deposits (appendix 1), indicating influences from either moraine degradation for the younger ages or predepositional inheritance for the older ages (Heyman and others, 2011) .
In a few cases, the 10 Be-exposure ages provided compelling evidence for slightly adjusting the previously mapped ice extent, for example along the north rim of Hetch Hetchy Valley (fig. 8A) . In other cases, the 10 Be-exposure ages did not resolve existing uncertainty. For example, 10 Be-exposure ages from two glacially transported boulders on the west shoulder of Half Dome ( fig.  8B ; 19,290±1,990 and 35,220±3,850 years; see also, appendix 1) indicate that Tioga-age ice may have reached that high, but the discrepancy in ages is significant enough to reduce confidence in this result. Finally, there is at least one instance where a 10 Be-exposure age apparently conflicts with other evidence. The summit of Liberty Cap, south of Half Dome, was previously mapped as projecting above the Tioga-age ice extent (Alpha and others, 1987) , on the basis of the height of lateral moraines in Little Yosemite Valley and the presence of summit weathering pans, which are generally not present on bedrock scoured during the Tioga glaciation (Birman, 1964; Huber, 1987) . However, a polished, striated erratic boulder from the summit (fig. 7B ) yielded a 10 Be-exposure age of 17,400±1,720 years (see appendix 1). This exposure age, clearly coinciding with the Last Glacial Maximum, suggests that Liberty Cap was indeed overtopped by ice during the Tioga glaciation, although probably only by thin ice and for only a short time period during the maximum ice extent.
Concentrations of 10 Be in moraine boulders and erratics from outside of the inferred Tioga-age ice extent indicate that these boulders are indeed considerably older than the Last Glacial Maximum (appendix 1). However, because of factors involving boulder erosion and nuclide decay, the dated pre-Tioga-age boulders do not provide reliable 10 Be-exposure ages for the older glaciations; rather, the majority of these boulders only record that they are substantially older than the Tioga glaciation (see appendix 1).
Determining Ice-Flow Directions
In addition to mapping the Tioga-age ice extent, we determined the directions that the major ice streams flowed. The direction of ice flow is dictated by the surface slope of the glacier (see, for example, Hooke, 2005; Benn and Evans, 2013; Cuffey and Paterson, 2010) . As ice builds up at the higher elevations, it will begin to flow down the existing topography, generally following fluvially carved canyons. However, as large ice fields form, burying bedrock divides, the flow of ice will follow the overall surface slope of those ice fields, becoming less sensitive to the underlying topography. For example, the direction of ice flow across the basins and plateaus north of the Grand Canyon of the Tuolumne River was parallel to the ice flow in adjacent major canyons, rather than toward these canyons, because the entire area was covered by an ice field that had an overall slope toward the Grand Canyon of the Tuolumne River.
In general, glacier flow directions in and around Yosemite National Park were relatively simple, following the major drain-ages of the Merced and Tuolumne Rivers. However, in several locations near the present-day drainage divides (for example, along the crest of the Sierra Nevada and the divide between the Merced and Tuolumne Rivers near Tuolumne Meadows), glacier flow directions were more complicated, in both space and time. We therefore focused our mapping efforts in these areas.
To determine general ice-flow directions, we identified subglacial bedforms that were streamlined by glacier flow. These include "lee-and-stoss" bedforms, which have an asymmetry developed through glacial erosion and (or) deposition that was recognizable in aerial photographs and filtered lidar data. We also inferred ice-flow directions from glacial striations, flutes, streamlined till deposits, and boulder trains of glacial erratics that had distinctive lithologies from particular rock outcrops.
Streamlined Bedforms
Streamlined bedforms sculpted by glaciers can indicate glacier flow directions (see, for example, Benn and Evans, 2013; Munro-Stasiuk and others, 2013) . We mapped and measured the orientations of streamlined features in the field, from aerial photographs, and from filtered lidar data. Streamlined bedforms in the map area include asymmetrical roche moutonnées ( fig. 9 ), bedrock outcrops having "crag-and-tail" morphologies, and both rock drumlins (also known as "whalebacks") and sediment drumlins. These features have a gradual slope facing toward the approaching ice and a steeper slope facing away from the approaching ice.
Erratics and Boulder Trains
Glacier flow directions can also be determined by tracing glacial erratics and moraine boulders that have distinctive lithologies back along a flow line to the bedrock outcrop where they originated. This technique is especially effective when the source lithology is unique and confined to a small area ( fig.  10 ; see also, for example, Shilts, 1973; Syverson, 1995) . In the northeastern part of the map area, in the vicinity of Snow Peak and Richardson Peak, boulder dispersal trains and field limits of glacial erratics from distinctive bedrock sources delineate specific glacier flow paths ( fig. 11) .
A large and persistent boulder train of metamorphic rocks derived from Mount Dana and the mountain immediately south of it (Mount Gibbs) extends from near the base of Mount Dana westward toward the Grand Canyon of the Tuolumne River, indicating westward ice flow through Tuolumne Meadows ( fig. 12B ). Also in this area, glacial erratics of the Cathedral Peak Granodiorite are present near Tioga Pass (Huber, 2007; Glazner and Stock, 2010) . These boulders must have come from bedrock exposures of the Cathedral Peak Granodiorite in the vicinity of Mount Conness ( fig. 12B ). Although the main glacier in upper Lee Vining Canyon turned eastward and flowed down Lee Vining Canyon into the Mono Basin, both the metamorphic boulder trains and the Cathedral Peak Granodiorite erratics indicate that, during the maximum extent of the Tioga glaciation, some ice flowed southward across Tioga Pass, joining other glaciers to form the Tuolumne icefield. Figure 9 . Roche moutonnées near Tuolumne Meadows in Yosemite National Park. Roche moutonnées are asymmetrical bedrock domes that have gentle stoss sides and steep lee sides. Glacial polish, striations, and erratics on Fairview Dome, tallest dome in center, demonstrate that all these domes were overtopped by ice during Tioga glaciation, a fact noted by John Muir: "The summit [of Fairview Dome] is burnished and scored *** the scratches and striae indicating that the mighty Tuolumne Glacier swept over it as if it were only a mere boulder in the bottom of the channel" (Muir, 1912) . Overall asymmetrical shape of these bedforms, combined with striation orientations and other ice-flow indicators, show that direction of ice flow (blue arrows) was from right to left.
Glacial Striations and Other Bedrock Features
Glacial striations are linear scratches in bedrock that form underneath glaciers as rock fragments embedded in the ice are dragged across the bedrock during glacier sliding ( fig. 13) . As linear features, striations constrain the direction of glacier sliding to one of two directions (separated by 180°) (see, for example, Kleman, 1990; Hubbard and Glasser, 2005) . In mountainous settings, it is usually straightforward to determine the sliding direction on the basis of the overall topographic setting. However, some interpretation is always required, and, in some settings (usually around passes and ridges overtopped by ice), it can be difficult to confirm the sliding direction (appendix 2). Additional directional indicators, such as lee-and-stoss bedforms, can help to identify sliding directions.
We measured mean orientations of glacial striations at nearly 700 sites (mean orientations derived from 3 to 5 individual measurements) throughout the map area (appendix 2). We also incorporated orientations from previous studies of striations and other directional indicators (Balogh, 1976 (Balogh, , 1987 . In general, striation orientations agree well with other flow indicators, although they may deviate locally in areas of complex bedrock topography.
At several sites, we measured two sets of crosscutting striations (appendix 2), which probably resulted from a change in the ice-flow direction as glaciers retreated. At Tioga Pass, for example, the clearest set of striations indicate a northeastward flow direction, away from Tioga Pass (fig. 12 ). However, a northeastward flow direction is in contrast to the southward ice-flow direction indicated by the presence of boulders of the Cathedral Peak Granodiorite, as discussed above. These apparently conflicting lines of evidence can be reconciled in a scenario in which the ice flowed southward across Tioga Pass during the maximum extent of the Tioga glaciation, then it reversed course as glaciers receded from that maximum position ( fig. 12 ). In fact, another, subtle set of striations near Tioga Pass indicate southward ice flow; these striations presumably formed at the same time as the Cathedral Peak Granodiorite boulders were being deposited by southward flow over Tioga Pass, and then they were overprinted by a later set of striations pointing northeastward that formed as the ice receded and reversed course toward Lee Vining Canyon. This situation highlights a potential concern when using striations for inferring ice-flow directions during maximum glacial extents: because they are surficial features, striations can be readily overprinted or even erased by subsequent changes in flow directions during glacial recession. Striations may thus reflect only the most recent direction of ice movement, rather than the dominant direction during the maximum ice extent.
Determining Ice-Surface Elevations
We represented ice-surface elevations with contour lines connecting areas of equal elevation across the ice surface. At the ice margin, the elevation of the ice surface is the same as that of the landscape. Thus, we drew ice-surface contours by Cathedral Peak Granodiorite (Cretaceous)-Medium-to coarse-grained, hornblende-biotite granodiorite; contains conspicuous blocky phenocrysts of microcline as much as 10 cm long. Phenocrysts commonly aligned in swarms; asymmetric schlieren locally abundant Granodiorite of Topaz Lake (Cretaceous)-Light-gray, coarse-grained biotite granodiorite and granite; contains roughly equant, well-formed microcline phenocrysts as much as 10 cm long that make up 2 to 10 percent of rock. Quartz typically found in 0.5-cm-wide clots. Mafic mineral content is about 10 percent. Asymmetric schlieren locally abundant Granodiorite of Bond Pass (Cretaceous)-Gray, moderately foliated hornblende-biotite granite and granodiorite; contains moderately large, slightly pinkish potassium-feldspar phenocrysts. Locally, intensely sheared. Includes bodies of aplite or fine-grained, sugary alaskite containing tourmaline rosettes Granodiorite of Lake Harriet (Cretaceous)-Dark-gray, moderately foliated granodiorite, characterized by shredded clots of biotite and hornblende Gabbro (Cretaceous or older)-Generally small, irregularly shaped bodies of coarse-grained hornblende gabbro. Extremely variable in grain size, texture, and composition. Some bodies are older than plutonic rocks with which they are in contact, and some are younger, but most appear to be xenoliths Metasedimentary rocks (pre-Cretaceous)-Includes quartzite, marble, biotite-andalusite schist, meta-conglomerate, and calc-silicate hornfels connecting areas of equal elevation on either side of the ice margin, where the ice-surface elevation was well known. We then determined the slope of the glacier surface; as glacier flow direction is dictated not by the topography of the glacier bed but, instead, by the slope of the ice surface, the ice surface shown on the map must agree with the ice-flow patterns determined using the methods described in the previous section. Thus, over the surface of the glacier, we oriented the ice-surface contours perpendicular to the overall local ice-flow direction. Ice-surface contours are generally concave-up in the glacier accumulation areas, straight near the equilibrium line, and concave-down in the ablation areas (Benn and Evans, 2013) . (Huber, 2007) . Large, persistent boulder train of metamorphic rocks north of Tuolumne Meadows was transported by ice flowing westward from metamorphic rocks near Mount Dana. Bedrock geology simplified from Huber and others (1989) . C, Same area as A, showing mapped glacial striations and streamlined bedforms that indicate directions of basal ice flow. Striations near Tioga Pass indicate that ice flowed northeastward, away from Tioga Pass, opposite to flow direction inferred from boulders of the Cathedral Peak Granodiorite shown in B. These apparently conflicting lines of evidence can be reconciled using scenario in which ice flowed southward across Tioga Pass during time of maximum ice extent and then subsequently reversed course as glaciers receded. D, Same area as A, with overlay that shows ice extent and ice-flow directions during time of maximum ice extent.
Representing Uncertainty
In some locations, ambiguity in the field and in the remotesensing data dictate that we infer ice extents and ice-surface contours, rather than map them definitively. We represent these features on the map with a dashed line.
The mapped ice extent in some areas is uncertain either because definitive evidence (for example, an obvious and well-dated terminal moraine) is lacking or because the existing evidence is conflicting or otherwise ambiguous. Whereas glacier-terminus positions on the east side of the Sierra crest typically extended out into basins and valleys, leaving depositional landforms that remain well preserved, terminus positions on the west side of the crest typically were set within deep canyons, steep and highly erosive environments that prohibit the preservation of moraines and other glacial features. For example, in the vicinity of the inferred glacier-terminus position in the Grand Canyon of the Tuolumne River, there is only subtle evidence of glacial till and no clear terminal moraine; glacial striations approximately 1 km upcanyon of the inferred terminus position (see appendix 2) provide only a limiting constraint. Accordingly, we show the Tioga-age terminus position in the Grand Canyon of the Tuolumne River as a dashed line. The situation is similarly unclear for the terminus of the glacier that flowed down the San Joaquin River canyon southwest of Balloon Dome, which was set deep within a bedrock gorge (Matthes, 1960; Birman, 1964) . In Yosemite Valley, the inferred terminal moraine near Bridalveil Meadow (Huber, 1987) is relatively small and has likely been modified by the Merced River; 10 Be-exposure ages from boulders on this moraine show a high degree of scatter (appendix 1) and do not allow for discriminating between a terminal moraine deposited during the maximum glacier extent and a recessional moraine deposited after deglaciation had already begun. Furthermore, because of the steep cliffs in Yosemite Valley, lateral moraines are not preserved, nor is there a well-defined trimline. For these reasons, the ice extent throughout most of Yosemite Valley is also dashed. We note the possibility that the actual terminus position of the glacier in Yosemite Valley may have extended a few kilometers farther down the canyon than shown. Finally, we must infer the ice extent north of Mammoth Mountain because Holocene volcanism from the Inyo and Mono Craters (Bailey, 1989; Hildreth and Fierstein, 2016) buried most of the glacial deposits in that area under tephra, prohibiting delineation of glacial extent on the basis of moraines.
Ice-surface elevations are also uncertain in some areas. For example, we could not reliably determine ice elevations and ice-surface contours at the ice dome northeast of Forsyth Peak because of a lack of adjacent elevation markers such as trimlines on adjacent ridges or nunataks. Ice-surface contours are also dashed on the glacier north of Mammoth Mountain because of the lack of moraine preservation there. Finally, wherever ice extents are approximate, ice-surface-elevation contours in these areas are also approximate and, therefore, shown as dashed.
Glossary
ablation Loss of glacier ice by the combined processes of melting, evaporation, and calving.
arête A narrow, serrate mountain ridge that separates-or once separated-two adjacent glaciers. boulder train A series or "train" of boulders, usually of distinctive lithology, deposited by a glacier; indicates glacier flow parallel to the series of boulders.
chattermark Arcuate fractures caused by glacial erosion of bedrock surfaces; these features are usually concave in the downflow direction and are oriented perpendicular to ice movement. Also called crescentic gouges.
cirque A deep, steep-walled, flat-floored, semicircular topographic basin created by glacial excavation high in mountainous areas, usually at the heads of valleys.
cosmogenic-nuclide-exposure dating A geologic dating method that measures the amount of time a particular deposit, for example, a glacial erratic, has been resting at Earth's surface, being exposed to cosmic rays. couloir A narrow, deep gully or gorge on a mountainside. crag-and-tail A streamlined hill or ridge, resulting from glaciation and consisting of a knob of resistant bedrock (the "crag"), with an elongate body (the "tail") of more erodible bedrock, till, or both, deposited on its lee side. debris-covered glacier A glacier that is partly or wholly covered by debris, usually in its lower sections.
drumlin A low, smoothly rounded, elongate hill of compact glacial till or, rarely, other kinds of drift, either built under the margin of the ice and shaped by its flow or carved out of an older moraine by readvancing ice; its longer axis is parallel to the direction of movement of the ice. It usually has a blunt nose pointing in the direction from which the ice approached and a gentler slope tapering in the other direction. See also, "Rock drumlin." end moraine A ridgelike accumulation of till that marks a stillstand position of a present or past glacier front. equilibrium line altitude The elevation on a glacier surface where the annual mass balance is zero (in other words, where accumulation of snow is exactly balanced by ablation over a period of a year). erratic A rock fragment carried by glacial ice and deposited at some distance from the outcrop from which it was derived, generally resting on bedrock of different lithology.
exfoliation The shedding of relatively thin layers of rock by the formation of joints that parallel the rock surface, typically resulting in a rounded rock mass or dome-shaped hill.
firn Wetted snow that survives the summer without being transformed into ice. glacial striation One of multiple scratches or minute lines, generally parallel, inscribed on a rock surface by rock fragments embedded within a glacier.
glacier A large mass of ice formed on land by the compaction and recrystallization of snow, creeping downslope or outward owing to the stress of its own weight and surviving from year to year.
hanging valley A tributary valley with a floor that is distinctly higher than the main valley it joins; commonly this offset is due to differential erosion by glaciers of different sizes.
Holocene An epoch of the Quaternary Period, beginning about 11,700 years ago and lasting until the present.
ice field A very large, thick sheet of glacial ice generally flowing outward in at least two directions.
Last Glacial Maximum Timing of the largest extent and volume of ice on Earth during the last Ice Age, usually referring to the period between 26,000 and 18,000 years ago.
lateral moraine An accumulation of glacial till along the side margins of the lower parts of a glacier. The accumulations remain as ridges or embankments after the glacier has retreated. lidar (light detection and ranging) A surveying method that uses pulsed laser light to measure distances, such as the distance from a laser scanner to the ground surface. Lidar data may be collected from the air or from the ground, and they can be filtered to remove vegetation.
Little Ice Age A relatively brief cold period, lasting from approximately 1300 to 1850 C.E., when mountain glaciers expanded in both the Northern and Southern Hemispheres. moraine A mound, ridge, or other distinct accumulation of unsorted, unstratified glacial drift, chiefly till, deposited by direct action of glacier ice.
nunatak An isolated hill, knob, ridge, or peak of bedrock that projects prominently above the surface of a glacier and is completely surrounded by glacier ice. Eskimo for "lonely peak."
Pleistocene An epoch of the Quaternary Period, beginning 2.6 million years ago and lasting until about 11,700 years ago; spans the Earth's most recent period of repeated glaciations.
Quaternary A period of the Cenozoic Era, beginning 2.6 million years ago and lasting until the present.
rainshadow An area having relatively little precipitation because of the effect of a topographic barrier, especially a mountain range, that causes the prevailing winds to lose their moisture on the windward side, causing the leeward side to be dry. recessional moraine An end or lateral moraine built during a temporary but significant pause in the final retreat of a glacier. Also, a moraine built during a slight or minor readvance of the ice front during a period of general recession. roche moutonnée A glacially sculptured knob of bedrock, with an upstream (stoss) side that is gently inclined, rounded, and striated, and a downstream (lee) side that is steep, rough, and hackly. rock drumlin A hill having the form of a drumlin but consisting of bedrock, sometimes veneered with till. Also known as a "whaleback." rock glacier A slow-moving accumulation of angular rock debris with interstitial ice or an ice core.
striation See glacial striation.
tarn A small glacial lake dammed by a lip of bedrock.
temperate glacier A glacier characteristic of the temperate zone, where the ice and firn that the glacier consists of are at the melting point, except for a thin surface layer that seasonally freezes.
tephra Airborne rock fragments produced by a volcanic eruption.
terminal moraine The outermost end moraine of a glacier or ice sheet, marking the maximum advance of the ice.
till Unstratified, unsorted rock debris, deposited directly by a glacier, without reworking by meltwater, and consisting of a mixture of clay, silt, sand, gravel, and boulders ranging widely in size and shape.
Tioga glaciation A glacial advance in the Sierra Nevada that occurred during the Last Glacial Maximum approximately 21,000 to 17,000 years ago.
trimline A boundary line delimiting the maximum upper level of the margins of a glacier that has receded from an area. It commonly separates jagged cliffs above from glacially smoothed rock surfaces below.
weathering pan Bedrock depressions formed where water collects in small natural pits and then enlarges these pits by weathering processes. Also known as solution pans.
Appendix 1. Sampling Considerations and Analytical Results of Cosmogenic Beryllium-10 ( 10 Be)-Exposure Dating of Moraine Boulders and Erratics in Yosemite National Park
Sampling Considerations
We collected granitic rock samples from the tops of moraine boulders and glacial erratics for cosmogenic beryllium-10 ( 10 Be)-exposure dating ( fig. 1.1) . We collected 32 samples from 13 locations in the lower elevations of the map area (table 1.1). Sample locations are shown in figure 8 .
We carefully selected boulders in the field to minimize or avoid factors that can confound cosmogenic-nuclide-exposure ages, including (1) loss of nuclides by erosion of the boulder surface, (2) reduction of nuclide production in the boulder surface when it is covered by sediment or snow, and (3) inheritance of nuclides if the boulder was exposed to cosmic rays prior to deposition. All factors except for inheritance result in calculated exposure ages that are younger than the true exposure age.
In order to constrain the erosion rate of sampled boulder surfaces and, thus, to correct for (1) above, we measured 10 Be concentrations from three glacially transported boulders located well outside of the mapped Tioga-age ice extent. One boulder is located at Turtleback Dome, on the southwest rim of Yosemite Valley, and the other two are located between Laurel Lake and the north rim of the Grand Canyon of the Tuolumne River near Hetch Hetchy Valley (table 1. 1; see also, fig. 8 ). All three areas are thought to have been glaciated well before the Tioga glaciation Putnam and others, 2013) . Over long time scales, accumulation of cosmogenic 10 Be in a boulder surface reaches a state of secular equilibrium (commonly referred to as "saturation"), in which accumulation of cosmogenic nuclides equals loss of nuclides through radioactive decay and boulder erosion. Assuming steady-state boulder erosion, the 10 Be concentration therefore becomes a measure of the long-term erosion rate of the sampled surface (Lal, 1991) . The three boulders from the pre-Tioga-age areas were saturated with respect to 10 Be, and they yielded a mean boulder-erosion rate of 0.00065 centimeters per year (cm/yr) (table 1.1). This rate is broadly similar to erosion rates of bare granitic bedrock surfaces measured with cosmogenic 10 Be elsewhere in the Sierra Nevada (0.0003-0.0010 cm/yr; Small and others, 1997; Stock and others, 2005) . We therefore used an erosion rate of 0.00065 cm/yr for calculating exposure ages for the remaining boulders.
Rapid boulder erosion, especially spallation of rock slabs caused by wildfires, is a potentially significant factor affecting cosmogenic-nuclide-exposure ages because spallation can remove some, or all, of the accumulated 10 Be, leading to anomalously young exposure ages (see, for example, Bierman and Gillespie, 1991) . However, our observations in recently burned areas suggest that the tops of boulders are mostly unaffected by spallation, and so we minimized the likelihood of sampling spalled surfaces by only sampling the tops of the tallest available boulders.
Degradation of moraine morphology has also been shown to have a potentially significant effect on cosmogenic-nuclideexposure ages for moraine boulders (see, for example, Hallet and Putkonen, 1994; Putkonen and Swanson, 2003 O 'Neal, 2006; Applegate and others, 2010) . In essence, as boulders previously buried within the moraine at the time of moraine deposition are slowly exhumed, they are progressively exposed; their exposure age is therefore younger than the depositional age of the moraine. We employed sampling strategies to avoid complications associated with moraine erosion, such as sampling the tops of numerous tall boulders situated on moraine crests (Putkonen and Swanson, 2003) ; the tops of tall boulders most likely projected above the original moraine surface prior to diffusion, and boulders on moraine crests have not rolled over. Concentrations of large, round boulders along the margins of moraines are an indication that boulder rolling may have occurred. Tall boulders also tend to project above the snow, reducing the effects of snow shielding on cosmogenic-nuclide production rates Heyman and others, 2016) .
Sample Analysis
Samples were chemically isolated for 10 Be following standardized methods (Kohl and Nishiizumi, 1992) . 10 Be/ 9 Be ratios were determined by accelerator mass spectrometry at the Center for Accelerator Mass Spectrometry (CAMS) at the Lawrence Livermore National Laboratory, as well as at the Purdue Rare Isotope Measurement (PRIME) Laboratory.
Analytical Results
We calculated 10 Be-exposure ages for moraine boulders and erratics using the Cosmic-Ray Produced Nuclide Systematics (CRONUS) age calculator (Balco and others, 2008) . Data are reported in table 1.1, and they are shown graphically in figure 1.2. Graph showing cosmogenic 10 Be-exposure age data for 25 boulders from Tioga-age moraines and erratics in Yosemite National Park; sample localities shown in figure 8. Each blue line represents probability density function for one exposure age and its associated external uncertainty. Gray-shaded area represents cumulative probability density function for all ages (in other words, sum of each blue line). Boulder-exposure ages show considerable scatter, likely owing both to inherited 10 Be from exposure before moraine deposition and to moraine degradation. Nevertheless, mean exposure age of approximately 19,000 years (represented by peak in gray-shaded area) matches previous timing estimates of maximum position of Last Glacial Maximum (Tioga-age) glaciers in Sierra Nevada and elsewhere. Tops of all samples were exposed at boulder surface.
2 Geometric shielding correction for topography and sample surface orientation calculated with Cosmic-Ray Produced Nuclide Systematics (CRONUS) Earth online calculator (Balco and others, 2008) , version 2.0 (http://cronus.cosmogenicnuclides.rocks/2.0/). 3 Density of 2.7 grams per cubic centimeter was used, on basis of granitic composition of samples. 4 Isotope ratios were normalized to 10 Be standards prepared by Nishiizumi and others (2007) , with value of 2.85×10 12 and using 10 Be half-life of 1.36×10 6 years.
5
Uncertainties are reported at 1σ confidence level. 6 Mean blank value of 53,540±10,845 10
Be atoms ( 10 Be/ 9 Be = 3.33×10 −15 ±8.74×10 −16 ) was used to correct for background. 7 Propagated uncertainties include error in blank, carrier mass (1%), and counting statistics.
8 Propagated error in model ages include 6% uncertainty in production rate of 10
Be and 4% uncertainty in 10 Be decay constant.
9 Beryllium-10 model ages were calculated with Cosmic-Ray Produced Nuclide Systematics (CRONUS) Earth online calculator (Balco and others, 2008) , version 2.0 (http://cronus.cosmogenicnuclides.rocks/2.0/).
10
Constant (time-invariant) local production rates are based on Lal (1991) and Stone (2000) .
11
Constant (time-invariant) local production rates are based on Heisinger and others (2002a,b) . 12 Ages recalculated from data reported in Stock and Uhrhammer (2010) .
